Introduction
The melanocyte biology has fascinated scientists of different disciplines for years, especially according to the basic function of these cells -production of the skin, hair and eye pigment [1] [2] [3] . Nowadays these cells seemed to play many other functions in the organism. The cells broadly classified as melanocytes (cells able to synthesize melanins) form a heterogeneous group of cells referring to their embryonic origin and anatomical location. There are attempts to group pigment-producing cells into classical (cutaneous) and non-classical (non-cutaneous) melanocytes [4, 5] . The embryonic origin of these two groups is different, cutaneous melanocytes develop from the neural crest cells (NCC) while non-cutaneous from NCC and neural tube cells (e.g. retinal pigment epithelium, RPE). This review will focus on a group of melanocytes differentiating from the NCC -an embryonic population that develops from the dorsal part of the forming neural tube during neurulation (formation of the neural tube, primordium for central nervous system) [6, 7] . Neural crest cells (NCC) leave the epithelium of the neural tube, migrate to many specific places in the body, where they differentiate into a remarkable variety of cells as neurons, glial cells, endocrine cells, chondroblasts, osteoblasts, smooth muscles and melanocytes [7] [8] [9] [10] . Migration occurs along the well-defined pathways which determines in part what type of cells NCC will form [8, 10] .
Melanocytes differentiate from all NCC populations but the molecular pathways of development are well characterized only for the trunk NCC [8, 11, 12] . Except the skin and eye melanocytes are present in ear, nervous system and probably other places e.g. heart [5] . The remarkable feature of the melanocytes is the melanin production. Melanin protects cells in the epidermis against sun-induced damage by ultraviolet radiation (UVR) but what is/are its function/s in other place e.g. ear, meninges is not clear [11, 12] .
Apart from being the melanin factories, melanocytes are immunocompetent, immunomodulatory and secretory cells [13] [14] [15] . They produce and release neurotransmitters (acetylocholine, catecholamines), hormones (adrenocorticotropin hormone, ACTH; melanocyte stimulating hormone, α-MSH) and many cytokines [16] [17] [18] [19] [20] [21] . Melanocytes as cells presenting antigens and secreting cytokines for lymphocytes, are active parts of the immune response in the skin [13] . They cooperate with neighboring cells as epidermal keratinocytes, dermal fibroblasts and work in an organized regulatory network for the maintenance of epidermal homeostasis [22] . How this process looks like in other than epidermis places e.g. stria vascularis cells of the cochlear duct secreting endolymph or cardiomyocytes, is completely not understood.
Melanocytes in the inner ear are necessary for the hearing process although the mechanism is not well defined [23] . Melanocyte presence, not only in the epidermis and hair but also in the nervous system and in some organs, emphasizes the alternative functions of these cells that are still poorly understood [24, 25] . The developing knowledge of the melanocytes biology give ability to understanding the melanoma development, human pigmentation disorders as vitiligo, greying of hair or even problems with hearing. In this review, the current knowledge about human melanocytes of the neural crest-origin and their heterogeneity is described.
The origin and development of melanocytes

Neural crest -embryonic structure of the melanocyte origin precursors
Precursors for melanocytes develop from the neural crest [6] . The basic biology of the neural crest development is very similar among model organisms but small differences do exist. Specifically, we know very little about the molecular development of neural crest during the early human embryogenesis [7, 9] . Neural crest originates from neuroectoderm, developing from ectoderm under inductive influence of the notochord, during the neurulation process ( Figure 1) . Differentiation of the neuroectoderm gives neural tube (future central nervous system elements) and neural crest cells, so named because of their site of origin, the crest of the closing neural tube formed from two lateral strips of the neural plate ( Figure 1 ) [7, 8] . NCC change the morphology from epithelial to mesenchyme and as the result they get ability to movement at a 4-week old human embryo [7, 9] . They migrate out from neuroepithelium and locate above the neural tube underneath surface ectoderm. NCC are initially multipotent but gradually become lineagerestricted in developmental potential ( Figure 1 ) [10] . This potential is determined by anatomical localization along the anterior-posterior axis. Traditionally there are distinguishable four NCC populations: cranial, Figure 1 . Differentiation of the ectoderm into surface ectoderm (future epidermis) and neuroectoderm (neural tube and neural crest cells) at 4-weeks human embryo. The neuroectodermal cells proliferate, form neural plate that folds and changes into neural groove (A). The neural groove fuses from the middle part into both ends and the neural tube forms (B). During this neurulation process, cells from edges of the neural groove separate from neural tube as independent population of embryonic cells -neural crest cells (NCC), located above the neural tube (future brain and spinal cord) and beneath surface ectoderm (future epidermis) (B).
trunk, vagal and sacral, cardiac. Multipotency of NCC is well known e.g. cranial NCC form most of cartilages and bones of the face and head, whereas trunk NCC form elements of the peripheral nervous system, medulla of the adrenal glands. These cells proliferate, and start to express distinct molecular markers. Each NCC population activates different molecular pathways that produce glial cells, neurons, mesenchyme cells, melanocytes [9, 11, 12] . There are conflicting results of experiments concerning the problem -at what stage NCC get features of melanoblasts -precursors to melanocytes [8, 9, 12] is not clear.
NCC groups for melanoblast development
NCC of all populations can give rise to melanocytes although the trunk NCC give most of melanocytes in the skin. In the region of the future embryo's head melanocytes come from the cranial NCC population that biology is different from others. Head NCC together with head mesoderm form the mesenchyme (ectomesenchyme), which gives the skull, muscles, dermis of the head [7] . The cranial NCC begin the migration before the closure of the cranial neuropore, while in the spinal cord of the neural tube (future trunk), NCC detach after the neural groove fusion. There are two basic ways of the trunk NCC migration dorsally or ventrally away from the neural tube ( Figure 2) . The different ways of NCC migration and their fate depend on the extracellular matrix molecules and cells they meet on the migratory pathways [7] [8] [9] . The dorsolaterally migrating cells follow a path between ectoderm and somites and become melanocytes ( Figure 2) . The ventrally migrating cells follow a way between the neural tube and somites giving rise to the peripheral nervous system and some endocrine cells e.g. adrenal medulla ( Figure 2 ) [7, 9] . Which of these two NCC populations migrate first in human is not clear, in mouse first migrate dorsal NCC but in chick ventral NCC [8] . Although melanocyte development has traditionally been associated with this dorsal way of NCC migration, there is evidence that a part of melanocytes arise from cells migrating ventrally and then along the nerves that terminate in the skin [26] [27] [28] . Recent studies pointed that Schwann cells, forming myelin sheath around peripheral nerves, when cultured with melanocyte medium develop into precursors able to give glial cells and melanocytes [29] . NCC migrating ventrally either differentiate into neurons and glial cells of the spinal and autonomic ganglia or Schwann cells. It has been suggested that a population of NCC cells, nerve sheath stem cells (precursors for Schwann cells), could differentiate into melanocytes of the epidermis [28, 30] . The recent finding that in human fetuses the prenatal nevi develop from dermal not epidermis melanocytes supports this thesis [30] .These findings suggested that the precursors for Schwann cells arrive near epidermis along cutaneous nerves, may respond to factors secreted by epidermal cells and differentiate into melanocytes [28, 30] . The control of melanocyte functions by the cutaneous nervous system has been poorly understood although communication between the nervous system and epidermal melanocytes has been shown [31] . The increasing evidence that epidermal melanocytes molecularly differ from dermal melanocytes might reflects dual origin of the skin melanocytes [4] .
Melanoblast differentiation into melanocytes
As melanoblasts travel through the dermis, they multiply and follow the process of differentiation. These cells finally except the skin (epidermis, hair follicles) reside the eye (choroid, iris) and some internal sites, such as meninges, the inner ear (stria vascularis), mucous membranes (oral cavity) [29] . What do we know about human melanoblast migration into all these places? The only knowledge about this process comes from the epidermal melanoblasts. During the human development melanoblast migration into embryo's surface ectoderm takes place at a 6-8-weeks old embryo and after the additional month most of these cells are located in the epidermis and hair follicles [30, 32, 33] . Thus after this time majority of melanoblasts has been suggested to enter the skin. However, some authors do not exclude the possibility that a part of melanoblasts might stay in the dermis [33, 34] .
Epidermal melanoblasts proliferate, differentiate together with the fetus growth when the surface of the epidermis increases but the proliferation of epidermal melanocytes has not yet been fully characterized. The basic molecular elements of melanocyte differentiation are:
-special receptors in the plasma membrane as ephrin receptors (EphR), endothelin receptors (especially EdnRB2), tyrosine kinase receptor KIT (c-Kit), receptor for the beta catenins (Frizzled receptor),
-transcription factors as SOX10, PAX3 and MITF (Microphthalmia-associated transcription factor) -melanogenic enzymes e.g. tyrosinase-related protein 2 (TRP2), tyrosinase (TYR) [9, 12, 35] .
The most important growth factors regulating melanoblasts development from the NCC are Wnt proteins, stem cell factor (SCF, c-Kit ligand), endothelins, ephrins, bone morphogenetic proteins (BMP) [35] [36] [37] [38] . Ephrins and SCF bind to receptors that have a cytoplasmic tyrosine kinase domain and activate the MAPK-signaling pathway (Ras/Raf/ MEK/ERK). Early melanoblast development requires the presence of the SCF and its receptor c-Kit. SCF is secreted by dermal and epidermal cells during melanoblast migration from the region of the neural tube through the dermis into epidermis. SCF is a factor required for survival of melanoblasts [35, 38] . Except for the MAPK-signaling pathway, the Notch-signaling and Wnt-signaling are essential for melanocyte development [38, 39] . Like ephrins, Notch receptor requires the contact with another cell because the ligand for this receptor is a plasma membrane protein (Delta protein, Jagged, Serrate). After ligand binding intracellular domain of Notch receptor is cleaved by protease and migrates to nucleus where regulates transcription factors activity [39] . Studies in several model organisms suggest that components of the Wnt/Frizzled protein/β-catenin-signaling pathway are required for induction of melanocyte fate [40] . The ephrin and endothelin receptors allow melanoblasts to migrate along extracellular matrix containing ephrins and endothelins secreted by embryo's cells [8] .
Spaces between tissue layers and cells are filled with a rich extracellular matrix (ECM) formed by many fibrillar proteins as collagens, fibronectin. Cell adhere to one another or ECM using adhesion molecules such as cadherins and integrins. These elements also participate in the melanocyte development [41, 42] .
Most of the above mentioned main melanocytic differentiation elements induce expression of the MITF, a protein functioning as a master of melanocyte proliferation, differentiation and survival. MITF induces expression of many genes that products are necessary for melanocytes e.g. antiapoptotic BCL-2 protein necessary for melanocytes survival, tyrosinase main enzyme for melanin production [35, 43] .
The main melanocyte differentiation process is the creation of melanogenesis pathways. As the result of this process, in the melanocyte cytoplasm new organelles called melanosomes (dark vesicles) appear and a cell forms many dendritic processes, gets a star-like shape. Melanogenesis is a cytotoxic process and as a way of defense against the death possibility melanocyte increases the level of antiapoptotic protein BCL-2 [44, 45] .
Melanocyte is a highly differentiated cell and as such loose the ability to proliferate during the maturation process. In the adult skin, the only renewing melanocyte groups are the hair melanocytes which cyclically, as hair are lost, rebuilt the number [46] . Epidermal melanocytes are a very stable population which proliferate extremely rare at the physiological conditions [46] [47] [48] . One known reason for this longevity is the resistance of melanocytes to apoptosis, particularly resulting from a high constitutive level of antiapoptotic BCL-2 [44] . It is consider that in terminally differentiated cells the cell cycle is inhibited by several mechanisms: increased level of cyclin dependent kinase inhibitors (p16, p27, p21), retinoblastoma protein (pRB) hypophosphorylation, decreased level of cyclin D1 [47, 48] .
Most pigment cells, in all parts of the body, seem to be constant in number and function until approximately the middle ages (the fourth or fifth decade of life) [49] . Thereafter, the number of melanocytes in the skin and hair decreases, approximately 10 percent per decade [49, 50] . Melanocytes from older people are larger, more dendritic and have decreased tyrosinase activity [45] . In vitro, fetal melanocytes proliferate better than adults and melanocytes from patients with the prematurely aging disorder [48, 51] . Furthermore, the reason of decreased number of melanocytes in older people could be apoptosis of terminally differentiated melanocytes [48, 52] . It is stressed that senescence maintenance melanocytes with damaged DNA and simultaneously can produce viable melanocytes predisposed to malignant transformation into melanoma cells [48, 53] . The process of hair greying is the result of melanocyte stem cells death [46] .
Melanogenesis
Melanin synthesis
Melanogenesis is a process of pigment melanin synthesis within membrane-bound organelles termed melanosomes [54, 55] . A distribution of melanin is responsible not only for skin, hair and eye pigmentation, but also for photoprotection (UV light absorption), reactive oxygen species (ROS) neutralization and ions storage [50, [56] [57] [58] [59] .
Melanosomes produce three kinds of melaninpheomelanin and two types of eumelanins. Pheomelanin is red to yellow and it is responsible for red hair and freckles. The most abundant form of melanin is a highly heterogenous dark brown to black, insoluble -eumelanin [57, 60] . Eumelanin has antioxidant properties, while pheomelanin exhibits phototoxic prooxidant action [55] . Melanogenesis requires a number of specific enzymes for melanin synthesis and structural proteins for building the fibrillar stroma for this process in the melanosomes. Critical enzymes are tyrosinase (TYR), tyrosinase-related protein 1 (TRP1) and tyrosinaserelated protein 2 (TRP2, DOPAchrome tautomerase DCT) [55, 61, 62] . The most important structural proteins inside melanosomes are Pmel17 (gp100) and MART1 (melanoma-associated antigen recognized by T cells) [45, 63] .
The first step, common for all melanin kinds, involve hydroxilation of tyrosine to 3-4-dihydroxyphenylalanine (L-DOPA) and oxidation of L-DOPA to DOPAquinone. Both of which are catalyzed by tyrosinase, a crucial enzyme for the melanin biosynthetic pathway [50, 55, 64] . The availability of substrates and the function of melanogenetic enzymes decide which kind of melanin is produced. DOPAquinone in the presence of cysteine creates 3-or 5-cysteinylDOPA which then oxidize and polymerize, giving rise to yellow/red pheomelanin ( Figure 3) [45, 65] . In the absence of cysteine, DOPAquinone undergoes spontaneously non-enzymatic intramolecular cyclization and futher rearrangment, yielding DOPAchrome. This process happens very fast [66] [67] [68] . DOPAchrome gives eumelanins by two pathways -nonenzymatic and enzymatic, with use tyrosine related proteins (TRPs). In the first case DOPAchrome undergoes spontaneous decarboxylation, becoming 5,6-dihydroxyindole (DHI), which rapidly oxidizes and polymerizes to form dark brown/black, DHI-melanin ( Figure 3) [66, 68, 69] .
In the second pathway TRP2 (DCT, DOPAchrome tautomerase) tautomerizes DOPAchrome to form DHI-2-carboxylic acid (DHICA) [70] . Next, TRP1 catalyzes DHICA oxidation and polymerization and form light brown, DHICA-melanin. When
DOPAchrome is present, TRP-2 or metal ion (as copper or zinc) favor the formation of DHICA instead of DHI ( Figure 3 ) [65, 69] .
The pigmentation is mostly genetically determined, but the skin melanocytes activity is under control of signals from neighboring keratinocytes as well as autocrine signals and environmental factors such as UV radiation [58, 71] . The secretion of keratinocyte-derived factors is increased by UV radiation, but it is also evident that UV can directly stimulate melanin production and melanocyte dendricity [58, 71] . Melanin production is stimulated mainly by alpha melanocyte stimulating hormone (α-MSH) that influences on melanocyte through the melanocortin 1 receptor (MC1R) [58, 71, 72] . In regulation of the melanin synthesis signal molecules and transcription factors, such as MITF and cAMP, play an important roles [64, 73] . In the group of melanogenic inhibitors are sphingolipids, BMP-4 (Bone Morphogenetic Protein) and tetrahydrobiopterin [64, 74, 75] . During melanin synthesis many cytotoxic agents are formed e.g. hydrogen peroxide, quinones. To avoid the interaction between them and other cytosolic components, the process of melanization takes place in the encircled by membrane structures -melanosomes [54] .
Melanosome biogenesis
Melanosome biogenesis include four stages (I-IV), which are determined by their quality, quantity, structure and arrangement of the melanin produced ( Figure 4) . They are often separated into "early" (Stage I and II) and "late" melanosomes (Stage II and IV) according to lack or presence of pigment [50, 58, 76, 77] .
The formation of stage I is still an open question [64] . The early melanosomes show the content of proteins derived from the endoplasmatic reticulum, coated vesicles, lysosomes and endosomes [76, 78] . These melanosomes are spherical vacuoles with no internal structural components. In stage II, the visible fibrillar matrix formed by glycoproteins (Pmel17, MART-1), melanosomes elongates, tyrosinase is present [71, 77, 79] . In stage III, melanosomes begin melanin production that polymerizes and settle on the internal fibrills net. Melanosomes have elliptical or ellipsoidal shapes. In the last stage IV melanin fulfills melanosome. Each type of melanin is synthesized in a separated melanosomes [58, 72] . The eumelanosomes are large, elliptical, and contain a fibrillar matrix required for eumelanin synthesis. The pheomelanosomes are smaller, spherical in shape, and their matrix has loose structure. Both types of melanosomes might be present in a single melanocyte [50] . Most of melanosomal proteins are glycosylated. They undergo early glycosylation in the endoplasmic reticulum (ER) and finally in the Golgi apparatus. In the next step, proteins are trafficked to early or late endosomes and then to the melanosomes. The tyrosinase uses this mechanism to reach melanosomes [76, 77, 79] . Aforementioned melanogenesis process concerns the melanin production in the epidermal melanocytes but whether it goes the same way in melanocytes at other places is not known.
The skin melanocytes (epidermal, hair) transfer mature melanosomes to the dendrical processes ends and to keratinocytes. Transport is arranged on the long axis of the dentrites under control of cytoskeleton [64, 77] . The exact mechanism of the melanosomes transfer to keratinocytes is not well understood, it could follow by many ways: fusion of plasma membranes, exocytosis, transfer by membrane vesicles or cytophagocytosis [64, 77] . Human skin contains mixture of all types of melanins [45, 80] .
Melanocytes in the human skin
Melanocytes in the epidermis
The mature epidermal melanocytes, as small dendritic cells with melanosomes, are located in a basal layer of the epidermis ( Figure 5 ) [81] . Melanocyte cooperates with 30-40 associated keratinocytes and form the epidermal melanin unit together [58, 82, 83] . About 1200 melanocytes exist per mm 2 of the skin independent of the human race [84] . Cutaneous pigmentation does not depend on melanocyte number, but the intensity of melanogenesis and melanin distribution in keratinocytes. Homeostasis between these two type of cells is maintained by cell-cell adhesion structures and by auto-and paracrine factors secreted by skin cells [15, 58, 64, 77] . The result of different disturbances of these interactions can be uncontrolled proliferation of the melanocytes and the nevi or melanoma development [85] . Under the normal conditions all of the melanin produced is carried away from melanocytes into keratinocytes. Joshi et al. described the physical contact between melanocyte and keratinocytes as the ligand-receptor type interaction causing intracellular calcium signal in keratinocytes necessary for melanin transfer [86] . Melanin granules are accumulated in keratinocytes as a cup above the nucleus, it protects keratinocytes' DNA against UV radiation and gives color of the skin [50, 58, 87] . Epidermal melanocytes cooperate not only with keratinocytes but also with fibroblasts located in the dermis [76, 88] . Melanocytes, keratinocytes and fibroblasts communicate with each other by secreted factors e.g. growth factors, hormones, inflammatory mediators and cell-cell contacts (E-cadherin, integrins) [45, 83, 89, 90] . Hormones secreted by keratinocytes regulate melanocyte proliferation, melanogenesis and dendrites growth [50, 58] . The signaling pathways cross-talk between keratinocytes and melanocytes is a part of epidermal complex network involved in the maintenance of skin homeostatis and its basic elements are presented in Figure 6 [35, 50, 58, 91] . Proliferation and pigmentation of melanocytes are under influence of the factors secreted also by fibroblasts [50, 88] . In vitro studies pointed that secreted by the dermis fibroblasts Dickkopf-related protein 1 (DKK1) decreases melanocytes growth and melanin production while neuroregulin (NRG1) increases melanin production [45, 88] . Thus, paracrine and autocrine molecules secreted by keratinocytes, fibroblast and melanocytes are necessary for the regulation of pigment production in response to environmental factors and also to control topological differences in the skin color [88, 92] . In addition, these factors influence not only the growth and pigmentation of melanocytes, but also their shape, dendricity, mobility and adhesive properties [50, 93] .
It is stressed that in the melanocyte-keratinocytes unit the pigment cell is very active. Melanocytes are able to secrete a number of signal molecules (cytokines, growth factors, hormones) targeting keratinocytes and other epidermal cells [15, 50, 58] . Melanocytes are important components of the skin immune system [13] . Inflammatory mediators can directly affect melanocytes functions and may cause hypo-or hyperpigmentation of the skin [94] .
The neuroendocrine capabilities of melanocytes are of special importance in the human skin homeostasis Figure 6 . The graphical presentation of the basic cross-talk between melanocytes and keratinocytes in the epidermis. The melanocytes proliferation, differentiation, melanogenesis are under control of surrounding keratinocytes. Melanocyte and up to 40 keratinocytes form the epidermal melanin unit. CF stem cell factor; bFGF basic fibroblast growth factor; GM-CSF granulocyte-macrophage colonystimulating factor; ET-1 endothelin 1; a-MSH melanocyte-stimulating hormones; PGE2 prostaglandin E2; PGF2a prostaglandin F2a; NGF nerve growth factor; c-Kit tyrosine kinase receptor; FGFR1/2 fibroblast growth factor receptor; GM-CSFR granulocytemacrophage colony-stimulating factor receptor; ETBR endothelin B receptor; MC1R melanocortin 1 receptor; EP1/EP3/FP prostanoid receptors; NGFR nerve growth factor receptor; MAPK mitogen-activated protein (MAP) kinases ; PKC Protein kinase C; PKA Protein kinase A; PLC phospholipase C; TYR tyrosinase; TRP1 tyrosinase-related protein 1; TRP2 tyrosinase-related protein 2; MITF-M Melanocyte-specific MITF (Microphthalmia-associated transcription factor) isoform; CRE cAMP response elements; CREB cAMP response element-binding. [14, 15] . Cumulative evidence provided that these cells are elements of cholinergic system and hypothalamicpitiutary-thyroid axis [16, 17, 22, 95] . Thus, skin melanocytes, as the mediators of the humoral and neural signals, coordinate not only cutaneous but also a systemic (peripherial, global) homeostasis. The melanocytes with melanosomes -unique organelle/ messengers -participate in the regulation of skin functions including its protective, bioregulatory and sensory properties [17, 21, 22, 95] .
Hair follicle melanocytes
Melanocytes are responsible for either skin or hair pigmentation. They are located in the proximal bulb of each hair follicle among the epithelial cells of the hair papilla at the apex. Melanocytes dendritic processes enter between hair keratinocytes and form the hair melanin units ( Figure 5 ) [96, 97] . Hair pigmentation is the result of the structural and functional interactions between follicular melanocytes, matrix keratinocytes and dermal papilla fibroblasts. Process of hair pigmentation includes the melanogenic activity of follicular melanocytes, the transfer of melanin granules into keratinocytes that form the pigmented hair shaft [96] [97] [98] . Hair melanocytes are larger and more dendritic than the epidermal ones, including mainly mature Stage IV melanosomes but it is considered that melanin transport to the keratinocytes in the growing hair shaft is similar to the epidermal [97] .
The mechanism of the melanin synthesis and its control in the hair is similar to epidermal melanocytes but it is stated that hair follicles melanocytes are more sensitive to aging influences than the epidermal melanocytes, leading to hair graying [97] . It seems that substances derived from fibroblast of dermal papilla (e.g. insulin-like growth factor IGF-1, keratinocyte growth factor KGF, hepatocyte growth factor HGF, noggin and stem cell factor SCF) have special significance for control division and differentiation of the hair matrix keratinocytes and differentiation, proliferation and activity of melanocytes during the anagen hair growth phase [96, 99, 100] .
Epidermal melanocytes proliferate rarely, while hair melanocytes divide repeatedly, migrate and undergo maturation in every hair cycle [46] . Melanogenesis process takes place only during the anagen stage (growing phase) of the hair growth cycle; pigment formation is turned-off in catagen (regressing phase) and absent in telogen (resting phase). Additionally it is marked that during catagen completely differentiated bulbar melanocytes die through apoptosis but with the development of the new hair new melanocytes appear. So, except for high melanogenic melanocytes in the hair bulb a minor population of poorly differentiated pigment cells with inactive way of melanin biosynthesis also exist, the melanocyte stem cells (MelSCs) [46, 96, 101] . MelSC are located in the hair follicle bulge together with hair follicle stem cells (HFSCs; precursors for keratinocytes). The bulge area is a part of outer root sheath that provides the insertion point for arector pili muscle and points the bottom of the permanent portion of hair follicles ( Figure 5 ). Each time a hair is lost the hair follicle regenerates and MelSC are activated under control of Wnt signaling [102] . After stimulation these cells migrate from bulge into a new hair bulb and differentiate into mature melanocytes [33, 103] . MelSCs are a melanocyte reservoir not only for hair but also for epidermis [46] . The understanding of MelSCs biology is the key for explanation the mechanisms of hair pigmentation, greying and skin disorders e.g. vitiligo [46, 97] .
Melanocytes in places other than skin
As the result of prenatal migration melanocytes are located in the ear, eye, nervous system, and heart. In these organs melanocytes are not related to keratinocytes -the main cells affected pigment cells of the skin. Pigment cells functioning in the microenvironment of ear (stria vascularis of cochlear duct), eye (choroid, iris, ciliary body), brain (leptomeninges) and heart are linked probably with their impact with local cells/structures. It must be emphasized that biology of these melanocytes is less known than skin melanocytes, especially in the context of the cell cooperation [50] .
Eye
Melanocytes of NCC origin exist in the choroid and stroma of the iris and the ciliary body. Pigment is also produced in the retinal pigment epithelium (RPE) and epithelia of the iris and ciliary body, but the origin of these cells is the optic cup not the neural crest. Unlike epidermal melanocytes, ocular melanocytes are in contact only with each other, and they do not transfer their melanosomes. Mature melanocytes remain quiescent and do not produce melanin in adults [5] . Ocular melanocytes are embeded in the connective tissue and are probably under influence of different cells e.g. fibroblasts, endothelial cells, smooth muscles, neurons [104] [105] [106] .These localizations probably determines the role of ocular melanocytes. In the anterior part of the iris, which is exposed to sunlight and UV radiation, the photoprotecting effect of melanin dominates. Deeply localized ocular melanocytes are exposed to high oxygen tension and melanin seems to protect cells against oxidative damage as free radical scavenger [105, 107] . Studies of patients with the iris melanogenesis defects pointed to abnormal adrenergic innervation of the iris [108] . 
Ear
The relationship between pigmentation and hearing has been noticed by Alfonso Corti in 19 th century [110] . The presence of melanocytes are required for normal ear development, a deficiency of these cells in Waardenburg's Syndrome (WS) resulted in hypopigmentation and deafness. In another situation, albinism, the melanin absence does not influence the hearing process. Thus, melanocytes not melanin is necessary for the ear development [23] . It is known that melanocytes appear in almost all parts of the inner ear, such as the cochlear duct, stria vascularis, vestibular organ in the region surrounding the cristae and maculae, semicircular canals [5] .
The stria vascularis of the cochlear duct is composed of a stratified epithelium, between the cells of which runs a dense capillary network. The melanocytes form intermediate layer in the stria vascularis. They are the starry-shaped cells, have globular melanin granules [23] . The key function of stria vascularis is the production of endolymph and the creation of the positive endocochlear potential through the control of the ionic balance. Melanocytes seem to participate in this last function. Melanocytes as a biological reservoir for calcium and potassium ions could regulate the content of these ions in the endolymph, that is important for the hearing physiology [5, 59, 111] . The strial melanocytes activity is controlled by the same factors as in the epidermis e.g. MITF, c-Kit, SOX 10, PAX3 [23, 112, 113] .
It has been observed that in humans the cochlear melanin level increases with age [114] . The animal studies indicated that noise induces cochlea hyperpigmentation and melanosomes transfer to marginal cells [5, 23, 115] . It seems that melanocytes prevent noise-induced damage of the inner ear but the molecular mechanism of the stress-induced melanization is unknown. The melanin in ear, as a biological reservoir for ions, can bind to ototoxic drugs [116] . Noise and ototoxic drugs induce oxidative stress; high level of the reactive oxygen substances (ROS) can destroy sensory cells in the cochlea. Thus melanin as the scavenger of ROS protects sensory cells from damage [23, 117] .
Heart
Recently, in animals studies, the presence of melanocytes in the heart has been described [24, 118] . During mammalian embryogenesis neural crest cells are involved in the outflow part of the heart formation. Thus, the presence of the melanocyte cells of the NCC origin is not a surprise [118] . Melanocytes are situated in valves, atrial and intraventricular septa [24] . These melanocytes in heart have some structural differences in comparison to other melanocytes e.g. have a lot of caveloae along the plasma membranes [5] . Cardiac melanocytes are present only in four-chambered hearts [118] . The functions of the heart melanocytes remain unclair.
In human heart tissue in the atrium and pulmonary vein walls are cells with dopachrometautomerase activity (DCT, TRP2; melanogenesis enzyme, melanoblast's marker) [119] . Detailed analysis showed that these DCT-positive cells also express tyrosinase and MITF, but further examinations are necessary to explain if these cells are melanocytes or cardiomyocytes able to melanin synthesis [119] . Levin et al. observed that the presence of DCT-positive cardiac melanocyte-like cells within the pulmonary veins and atrium contribute to atrialarrhythmogenesis in mouse [119] . This incidate a new research direction for human atrial arrhythmias and melanocytes.
Nervous system
In the central nervous system melanocytes of the NCC origin are distributed in the leptomeninges over the ventrolateral surface of the medulla oblongata of the human brain [25, 120] . These dendritic cells contain melanosomes [5] . It is indicated that these melanocytes could play neuroendocrine functions e.g. secretion of opioids. The authors suggest the possibility that melanocytes are involved in the control of the respiratory rhytm and sleeping regulation [120] . The human brain has some places with neurons able to produce neuromelanin but these neurons developed from neural tube not NCC [120, 121] .
Summarizing, main functions of the melanocytes localized outside skin are: the protection of tissues from potentially harmful factors (e.g. free radicals, binding toxins), storage ions and anti-inflammatory action.
Stem cells for human melanocytes in adults
Melanocytes proliferate rarely but some situations point that in the skin are present precursors for melanocytes e.g. repigmentation of the skin of vitiligo patients after phototherapy [122] . What do we know about the presence of melanoblasts in the adult skin?
The first documented reservoir for melanocytes stem cells was the bulge area of the hair follicles either in mouse or human ( Figure 5 ) [103, 123] . The bulge region contains pluripotential, morphologically undifferentiated cells which develop into keratinocyte progenitors and melanoblasts not only for hair but also for epidermis [46] .
However, there are growing evidence that the dermis is also a reservoir of melanocytes [33, 122, 124] . Where are the melanoblasts located in the dermis? Answer to this question is not satisfactory enough. Recent developmental studies using model organisms and lineage tracing have been able to trace melanocytes arising from migration of a multipotent precursor cell along nerve projections. It is probable that there are cells with stem cell properties located in the cutaneous nerves [26, 28] . These cells are retained in a stem cell-like state until the signal send by the end of the cutaneous nerve promotes these cells to differentiate into melanocytes [125] . But there are also observations that some melanoblasts from the dorsal way of NCC migration stay in the dermis after the end of epidermis inoculation, up to the second trimester during fetal time [33, 126, 127] . Whether they survive in the human adult dermis is still an open problem.
There are difficulties in the identification of melanoblasts in the adults skin because of the lack of a defined set of melanoblast markers. There are some markers determining the melanocyte fate of NCC e.g. dopachrometautomerase (TRP2/DCT), MITF, c-Kit.
Epidermis and dermis are places for the melanocytes reservoir and give opportunity for a new look at the melanoma heterogeneity, a tumor which develops from melanocytes. There is no agreement if the mature melanocytes or cells from earlier developmental stages may follow the tumoricidal transformation [34, [128] [129] [130] . Whiteman et al. divides melanoma(s) into melanoma arising from epithelial melanocytes (origin from dorsal migration way) and not associated with epithelia (origin from Schwann precursors cells) [129] .
